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A5ST8V.CI OF WWuSEB RESEARCH 

Aftor tuo yours of research iota prcgra n al ag light and 
aouad for rnviroiiMntB. ve bave davaolpsd a tisdiuB for artistic 

culturs's vocabulary of lnaiedlate eiparienca; our KorlE has dealt 
with direct programing of thoaa physical analgias--! ight and 
nound bb opposed to inage or awlody — through which ptreaptloa 
Itself occurs, tlnraby enabling us to otiiralato' and abstractly 
sbaps an «le»«*tal poyalological t*porienca. Th« foroal struc- 
tarc Of such art consists of the atorlag and retriSTal of la- 
formation ovar tlna, a prodadura for which alectronic proeesalag 
techniques era idatlly auitad. As a first step in da«loplsg 
an avolutiOBary alaotroHlc processing aystea, He designed and 
built an analog-digital pTOgraantag deW.CB (Byathaslzer). is 
a transitional a tag* va ara hoping shortly to ineos-porata a 
uultl-track magnetic tap* "bloh Kill alio* long tern, 

coatiauoua tranBltioaa irtthla a giTsn program. Homvar, ewn 
with Bueh laprorad stornga poaBibilltHa, this stags of our 
sjstta nn««s»lt»tes aaitual programing by patch cord and po- 
tantion*t«r. To alinlnnta thane r»utriction« and .also to In- 
craaas greatly tha efficiency end oeharance of our programing 
procedures, tta reed a system far nutonntlcnllj interconnect log 
nodule inputs and outputs, aithsr by snail digital conputer or 
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liORaA.;*:!) ;.->C-:.Ka.-J',II.G CAiAJiilTif Is iti'iUSSTiD 
Introduction; 



Studies in sound perception end growing interest in alec- 




is still hi£h despite recant price breaks. As equally serious 
limitation lies in the fact that our worlt in light and sound 
synthesis requires * large nunber of sinultaneoun output chan- 
nels 110 to 50). The generation of sound electronically by 
digital conputer aloiw into thlo cany channels is far too 
cotplei and expensive to consider at present. V* therefore 
are pursuing an approach Involving digital control of the 
operating pemnetem of electronic nodules which are the ac- 
tual generators and sodlflers of audio information. Thie 

cycle-bycycle control over the output waveforas as would 
occur in direct digital conputer synthesis. The control 
tlte scale for a nodular systen in fact lies vithin the speed 
capabilities of punched paper tape readers. In section III we 
describe a syoten based on this approach. 

In tens of our present resources we have developed a sys- 
ten both suffiqi.at in itself and readily conpatible with ex- 
pansion toward increasing programing flexibility. By relni- 
ing the requirement of oooplete digital control and instead 
UBing Hicple circuits of the analog co nputer type to perfora 

1. Journal of the Audio Engineering Society . Vol. Mil, Jan- 
uary 7i%£7 Arthur Robert «,- An All Fortran r;usic-Gene rating 
Computer frogranj" and Robert S. Claris, "A Progrjun for the 
Real-Tina Generation of Musical Sounds." 



The control voltage range is to +3 volts, compatible with 
the linear and digital integrated circuits used In the design. 
Specifically, it was chosen to accomodate the logic levels of 
the K?L (resistor- transistor logic) circuits used. The exten- 
sive use of high-gain operation amplifier conf igurntions In- 
sures aejle stability within ti.is voltage range. 
2 . Supination of the distinction ^ between aienal and eoatrol 

signal and control functions. Tikis lead* to aeidlea duplication 
of circuitry. For instance: (1) A "nixer" nodule vill conbine 
audio signals, and another module will coEblne control voltagae. 
let "Both instances Involve aleply the addition of veltigta, 
nost sitply done with aa operational amplifier circuit. (?) So- 
called "ring modulators," basically ansll-signnl analog multi- 
pliers, are used to generate bent frequencies, but are not usa- 
ble to generate the product of control voltages. 

la contrast, we Blued at Bailout: flexibility by deaigning 
nodules all of vhiefa can ncconodnte frequencies from X to 
20 kHz at up to 7 volt 'amplitude. The output voltage awing of 
all "source" modules, auoo as voltage controlled oscillators 
(VCOb), Is between -J to +J volts. The wide frequency range 
of the VOOs allows than to function as sources of control 
voltage (in the range of 0.02 to 20 Hi) or as signal sources 
(in the range of 20 Hi to 20 kHz-). Since all modules are DO 
coupled all circuit functions are independent of frequency. 
Thus a given VCO operating at a low frequency (say ? He) night 
be used to frequency modulate another VCO (of Identical design) 
operating at higher frequency, say 1000 fi2. Operational atipll- 



Ail -c.'.i.f a-jti-it ln;«dejic:e art very io* ic.r.oruiiy "tout 
0.1 to 1 -;ri)i »il Ifiut imped is cis ir- ir. ■.!.* range of" 1000 to 
iCCO oh=s. hsvs found It unnoceasary t= use shielded wire for 

( a.,- . „Cn central crcuUs ir. fairly close ircililty,. 

-.iliirsUoE of sitrle pin Jacks sno i_u,;a for all con- 
n*ctl:ns sef.tM Mdi;l«3 aiio rts-J-a raturailj- fret our eliil- 




■ectlon III). Ail nodule inputs sad outputs cm be brought to 
Itr r> ley cjitrli fro« « raer corrector on each nodule. Ihs 
individual relnyt in th* tntrix vOJld t>* digitally prop-mid 
fro* punched ;n< >r tap* or r.egnetlc tape. 
D. Ceaefai lurtQB* poUntlattttrB . 

As a itlibernts design olnillfiontlon no nut era provided 
»ithU ■ nodule to nanually est ■ certain parameter; instead It 
Is voltage controlled externally. Hot uaaual Betting of Bound 
pareceUrs and for general use as amplitude controls, 60 poten- 
tloaettr.i ere jrenntly porrlded on the front paail. These can 
bs set Individually to u accuracy of ~% of full scale and with 
a repeatability of 1* of full ocale. respite the sue of staple 
carbon potentlonetero, this accuracy is achieved by a technique 
fsailinr fret analog cocputars. A DPUT push-button is aaaocia- 
ttd uith each potent lone tar. Expressing the button pieces a 
♦ 3 volt reference voltage across the resistance flecsnt while a 

end of the resistance elsnsat as a fractioa of full ocale. Any 
load or the voper are ( I.e . th* input to a uodule) is left 
connected. This allova nr. accurate Butting of tha voltag* divi- 
sion ration under actual load conditions, Locating; such r o- 
tentlonttere luedlately below or above each scdul* allows a 



direct aisot-iaiion ieSvHn the two, electrically ai. mil as 
visually. >3 volts is available ss the iiaier.tioa.eMr panda 
;o aiiov ir.y ; otei.tionetcr to be etched as u eojustable 
control voltage source. 

S. ftb^lltv to u>dlfy sxtsrnal nrot;rap mtfitl , 

While the Eodiilsr ajst™ k!l« deslcr.sd for flexible -live- 
signal generation, thi* very flexibility sine offers rich pos- 
sibilities for aocllfylng external audio oaterlni lf^£. taped 

live eoued pickup). The "nodifier" nodules (as opposed to 
the "source- nodulvs, both to be described shortly) can perron 
amplitude -oSulatloa, best frequency generation, signal rout- 
ing, He . on such external audio netel-lal. The combination 
of live signal eyntfceeie with codified external inputs offers 
alnost limitless possibilities. 

? - flfflf'M ' Si t:« inttrvnla an d, f ^ i fd or pseudo-randan 
sattaraa hv sElTtrsgiBtcra ana other Tocfo clrcultrr . 
Up to 50 shift register stages are provided la ttw fora 
of S-etege lodul.s. These caa be eaecsded or ladopendeeily 
<>;erat*d. In the Buchls syaten., ring counters are provided 
■Jtieh propagate a single "OK-etste" around a set of stages. 
Ctar shift-register design perclte not only such ring counter 
operation, but nor* generally the propagation of any patters 
of OS sad OFF statsa along a set of stages, whether arranged 
in an open chain or Haded into a rlag. Special shift register 
configurations te_t£. the no-called Johnson counter) can be used 



In addition, OB and AHD logic curcults are porvided. Their 
use la conjunction with different seta of shift register steges 
slloue fomulatioa of tiniag nequencas of great conplexity. 
The shift puleaa for shift registers can be obtained froa 
voltage controlled oaolUktors, voltage controlled clock* (to 
he described below), as vail as froa any other shift rsgiuter 
or logic circuit. 



Sere follows a brief description of the todulea lathe 
system at this tin.. Additional types of Eoduloa nili be ii*- 

tuteo a valid nsiCieue for sound tjithtiu tjijurl'sesls- 

aodulen. Sash sou be cnpt over J decadee hj it coatrol iapt!* 
of O to 5 volts, flill* the fcssie t*Pe.t ie EO to 20 Jtfls, 

enpeoitcra nill eilOH iontr frtquricy operation. Par 
instance, •> external 1 K£ capacitor, patched into terBttalo 
provided, chtsgite the range to 0.2 to 200 He. Both linear ud 
logtrlttwlc fr«queac> control la available. Three output wave- 
tisrm (slae, trlaBgular, square) are ainultaaeounl; available,, 
the output laltage excursion is nach case is -J to +3 volte 
Froa 1st description or the YCOf-B oirosit (to fallow IwloxJ 
It Mil be «*w tBtt lie Big pa a! tfct output v*T*fcra it ta- 
il tot tnaeowij proportional to tile coetrol voltage, 5&U tfaar* 
io ao restriction ea ska frsc.uta.cj eoatist of tin control iapwt, 
far iaatane*, feedback Iron- the aquare-wava outjait to *h» oawtrol 
tafat mil produce eoatrollad assyacetrr of the output, allnitc 
a tn* at voltage control of barranle content la coajuaction *ttb- a 
aulUplier aodal* {deaerlbed b*lov). 
it. l££ gonctioa 2tBtahlM - 

Ii;epo t.-a-t.rttnal diode-resistor aev-orsfi are housed la 
a aeptrati ttaparature controlled aod-a». Used a» striae *!*- 
■est* fsedi-g a oontrol iXput suraing Junction on the VCOs, thej 
providi steale iojaritfcuic roltage to current conversion for 
loearltlinie frequency coatrol. 
C. Salt*?* gantralletf Clocks . 

Skis As esseatlallr ■ kind of sjwciKi purpose VCQ. The 
output frequency ie voltage ooatroiled over the nwje of about 
to 10 Hi, the available output vneforsa art partes th aad 



A) Huipolattoa ov cottroi voltagMi 2nv«;ore 
generator j-jtr-Jto can be sqtsreiTfor jarabolic 
rise ni.i! rail. ca-jle* rnv,;-; UEn be C er.erated 
aa the jrcduct cf 1: Jlv — uil tnvelo;e fcnerator 
outputa, end jo forth. 
The fuadutitil uufuliiti of the BUltipliar circuit car. 

hardly be everer.phaslted. Accordingly, 15 ouch circuits are 

at preeent avellaols, three per eodule. 

p. SHimam tcemfaii - 

Kith a total of five laputs. .act. circuit generates the 
sue of the injut voltages. The lnputo ire weighted bo IB to 
Keep th« buk froi exceeding the J volt uxlsus. 

It uy so tintioned here that the VCC ud U.s operational 
uplifUr, a=,oBgot others, have toother control laput available 
la th. Torn of an operational amplifier smumiag Junction. By 
use of appropriate- series resistors (available as plug-in ale- 

Mtra euaslag operations cai be perforted without the 
as.d for another operatioaal ucllfiar aodule. The usa of high 
earn aaplifiara aad precision rasistora ylelda gala stabilitiaa 

0. lavfrtera . 

Thaaa have oaa iaput, oaa sural ng Junction aad oaa output 
available aad can be used to ooav.rt a to +3 volts tradition 
to cae froia +J to volte, as would ba needed far crosa-fedlng, 

H. Linear Oates . 

For purposes of elgaal routing 1? of ti.eue bidirectional 
linear gate:; vera daelgaed l»to 3 nodulea. Each gate tniea the 
fori, of a alnile-pole doubla throw electronic switch, controlled 
By a differential input, jt givea voltage source can be routed 
to two inputs or a gives input eo» select Jror two sources. 
*gnln the iC coupling alloua either audio Signals, control 
voltages, or digital elgnals (to ba diseased euortly), lo be so 
handled. The gating la coatrolled by a differential ln;ut 
a-.age uhieh dseideej la effect the sign of the cifference of tug 



■ bjr toegls avlteh 
this sad all othe 
, and volts. 



voltsgss ar* addad by aa oparatlonal uopllflar, 
tha output of ablch coatrols th* frsquaacy of a vol- 
taga coatrollad clock. Tha clock's pulas output la 
tun acts aa tfca shift puis* for th> atlft raglatar. 
For alapiicity, l*t tha shift raelatir b* oparatad 
•s a 5 atag* flag couatsr (i,a. o*s OH stata pro- 
pagatas arouad tha 5 ntagaa). Inaodiataly fol- 
loaing tha ahift pulsa, tha iw stata of tha shift 
r-filstar datarnlaaa tha coatrol voltng* !aput to 
tha vol tag* coatrolltd clock, thus dattrtlniag tha 
tine latarval until tha ant (l.lft ;uls*. Thin IB 
jatsiblt oocaust of th* lnstmtancous rtepoas* of 
clock parloi W eoi.trol Ir.put. 

mils arraaflactat allows lnd«iand*»t >4Justa«t 
of tha OV duratloa of aach ohlft «i;iat.r sta«* 10.1 
to 5 ascoada for potaatioK*tar fron DlalLUo to ia*l- 
tun. dsBcriptloa of voltsga controlled clock 

Otnar aata of 5 potsat ion. tern, aunud by u 
operational aapliflar-, oan' gsn.r.la etepwls. varying 
control voltagia for siaultaaaoualy associating a 
rrecuanoy or an amplitude with »sch shift register 



pulaa for another 



bar" configuration. 



cm genarate couplaj 



nciae, anpiitudaa or 
I V00, * tultipllar a 



> controlled ulook 



J. Otnar li 

Till system also coa.ta.iia aaveral BOdulae of AND, OR aad 

ROfi otrcuita. -h« can ba uc«J to "recopniza" certain shirt 
rtKi"ltr cm.figurationa (or [uj-poeea of lntlattae a 

■M titlim cjela). or to aat up rutuailj excluaive abut 
tatttrae twine the ahlft register ■oculea. 

:t ar.ni.Id ai»3 be recalled that the differential input 
of tha linear $-atea alloja thai, to ulu decisions rigartilng 
tte aapllt^de reiatloaahlpa moaeet tha control voltages la- 



Output devices: 

As further illustration of the nature ud application of 
our ayeten, we include a description of the particular eet 

School of Art SEd Architecture . It should be kept In Bind 
that our pro£rei.i.ing syeten la capable of aEsociation with 
ell types of light und aound sources through appropriate 

The various nutaut Eignuls from the control syete* are 
mtplifleti in rer.ote locations driving a vuiety of output 

Standard «i.on£ the output devicae are the hlfi speakers, 
aoout tea of which are locates within the exhibition space. 
Each speaker is associated with its own erplifier and can 

Two other types of output Devices derserve description 
in greater artail becauf* they are eaaentlal in creating 

side through tweakers. 

A. Flaereacent bulb arraya i "llnhtwaU3" ) . 

Groups of fluorescent bulbs (ueuallj about ?00) ere 
Blunted oither contiguously or in clustera of three to fore 
light sources iirtributed over large areas, The enclosed 

bulbs are used la the space in the for™ of 5 electrically 
independent light walls. 

Standard S-foot bulbs were individually Dodififd for 
use in this instance. The resulting arrays are unique in 
their capability to produce conplax light patterns in spite 
of each array being a two- terminal device. 

The bulbs are operated as cold gaa discharges (the in- 
ternal fllaiente are not nested), wits one internal and on.. 



About ?00 buita so modified an Ell connected -c parallel, 
j emitting the us< of a sinple structural sc:«[. The pair 
of wins iron each array are fed froa njecial i.ieh paver audio 
3r.;.lifier;, designed to drive cspucitive loads to levels la 
eicess of 5 kV at frequencies fron 100 h'z to beyond 20 kHz. 
The following should help explain the operation of the 



very t«t, allowing all bulbc to lipht ditly. At 
i:rive frequencies of about 1C Hz [squarf wave drive) 
the entire array shlenerB faintly. The. discharge 
intensity is Hot unlforn along a given bulb, re- 
sulting in flecked patterns. 

3) At somewhat higher frequencies, the illumination 
along each bulb and for all bulbs bfcotes brighter 
i::d tteadler. At high enough driving amplitudes all 

dsr.ee is still high. As the P "plitude' > io 1 lcwer*S*«l- 



neighbor exclusion priaeipsl." At tv;i lower ampli- 
tudes oi.lj a few bulbo, those with the lowest firing 
potential, retain on. Paining of the driving source 
at intermediate or low amplitudes will shift the pat- 
tern of "on" bulbs randomly within the arrty. V» 
have found the uniformity among bulb;; to be excellent. 

lu finally reac.oed 
_ pedance is lew enough 
a few bulbs are on, very brightly, there- 
.ering the supply voltage ncroso the array 
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> Ions of generality f.Rd p) each 
3 hifh-Bpeed rs- programs! »£ omit 



during ■ givea progru would be assigned flied 
fitch interconnect ion(j those that uid be variable 
would be oontrolled by the pater tape reader. 4 
given progran coal i the* b« retained la the fen of 
■ patched ),rogra» board removable fron the paten bay 
me at af-sceiated paper tape. 

C.) The seed to ofcaaga netfule iBtirconmetioiul rapi- 
dly ic not ta* only reo.ulr«nent of proeraiaiag flexi- 
bility, the setting of tb* pott attorn tare vauli alao 
oe assigned to aa automatic control device, at least 
In part, Toward thia tad we propose the incorpora- 
tion of a amber of dljltal-to-aaalOK converters 
(DACs) into the syeten. Xhaae would alao b* drive* 
through digital logic and buffer storage clrcultri 
froi tha paper tap* reader. The voltage* thus 
erat.ed jould serve as control voltages. A Etc end 
ftultlplier combination would font a device with digi- 
tally controlled gala— a digital " potentiometer," 
Thus tha setting of potentionetern would ba- 
coaa a hybrid arranfiiKant Just like the nodule In- 
terconnection*. Certain settings rentinlng tixti 
program .would be manually preset to 



recorded valued. Other potantlouentera would be 
replaced aa such by tha lr digital equivalents , ' ri 
pldljr controllable by punched paper cape. The patch 

bay would be the r — -■*•' — 5.—.— — 

mat* of potentioi 



■yetes, the fixed and variable parameters o( each program 



tb* proeras (actio*. 

?) *»* tbi and of ■ program sactloa baa fcata r*- 
cogaiiad by tb* nodulaa, tba tar* raadar could bi 
activated to road la tba Mit block of tafoststtioa 
lor t!i* a*« prograaaaactloa. 

Tbl d*gra* of r*t*atlo« of logical fuactloaa la tha fora of 
ayataa nodules vould fcs reviewed coaetaatlr ea tba ayataa 
•xpaadad. It Bight vail prom aor* ecoualcal la naaj caaaa 
to iacorporat* tha logic fuactloaa aoa coataiaed la tndulea 
into tb* rast of tt.a logic clrcultrj aacaaaary for to* opera- 
tic* of 5iw aatrlx asi t&* MSa, 

list III 

SSis final pbaea would larolre tha laoorperaUon of * 
asal}. signal cosputer, aeatloaed bara for coapleteaeaa, 
tbougb aot iataaded for laaadlate aaquleiUoa ualeae fuaw 
clal aaens bacoa* ueaapaetedlj eTallabl*. Tb* ooapirter 
llak all laput dericea (keyboard, tasa raadar) awl ss%ti« 
(tap* puach , ALCa, latercoaaactioa Batrla). Tbla would par- 
alt muirepi'SKrassSna with aubroutlaaa of light m& ixm>r& 
laforaatloa as 3 M«J*«li? ll»*lWa larol. Eiae* aestuter 
prograu d*vilop*d for alectroalo aualc ecapoaitloa vould 
Iras: wrtsinlj' C« uaaultabla for axaerlaaata i» light aa* 
*ounf», tha c»«iopMnt of aultabla prograaals^ laatpuig** 
would eoastltnt* a wjsr ar*a *or datura mi*. 

*»« M-tuil soj&truotlon of tt» *xp*ad*d ijetes ** d*& 
ipj'Mt! xouM 'jtillw tomrciallj available ccspoaaat* to ttf 
"slews sxt*«: pooolU*. I* It* i«w at tha lctitruipwreUoa 
■atrli, the I£Ca aad o*a*r olre-iltrj, «a*iwri.':iaii!f *T*U»Ht 
prints circuit card* vltb Integrated circuits vauIS tb* 
bnUdiag Mocka. *b;i* tbalr actual Mitabiy XcU> • »;*tta 
vcuJS bs Ima h)= ourejine au j« j-»rt JiijU'jgii »tSst.[*e snot 
Mrviu.a at ill. Ualvarsltv. 
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jtioao ud Optical Hastr Cansldera- 
li (with V, E. Snutrtt, Jr.), a«U- 
3, 87, (1967). 



£. 54, (1965). 
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FACILITIES 

I* .'eptsabsr w* vlll oooupy a. coKplsx of bulldiage Ik 
Hsv Kivii that will ssrvs as studio, sdlur rooa, ud sx- 
hibition [fact. Ths facilities contala asveral larga seal* 
pernlttlne flexibility rsgardiag sxperiMsatal 

Sltctroalc Equipatat aad mat trials prsssntly at our dis- 
posal for ths proposed rtasarchi 

Approximately 1500 Specially prapaxad fluorsscsat . 
bulbs cspabls of bslag flrsd la aa slsctrlc flild by 
mpllflsd signals. 

Apjroxlaatoly 5o alxty-aatt-aacoad strop* lights 
with associated triggsr circuits >ad pousr supplies 

Various other axpariasatal light source* la- 
cludiag •lactrolualaescsat paaals, nercury vapor laapa, 
quarta iodide bulbs, phosphors sad phoaphoreaceat plg- 
asnts, photochroalc papsr, lafrarsd and ultraviolet 
lights, aad a vide raage of laoaadssoaat bulbs. 

1 sat of nodular atrstobsd siivtr ajlar paaela uaad 
as rsfleotora, bob* of vhloh ara specially fabricated 
to sarvs as largo seals electrostatic speaker* or aa 
oscillating parabolic alrror* activated by electronic 
signal*. 

Loudspeakers laoludlnf 50 nodular poly-plaaars 5 
Jsassa bass guitar, 6 til Nodal 6, «tc . 

Ian tvo-trsck Hagaacorder tap* decks aad assoclatsd 
etereo aad aoaaural aaplifiere, oa* Anpex studio coa- 
aola, tor** four track Sony atsrso deck:, oa* *ol- 
laaaaek aoaaural rscordsr, oae Uber portable recorder. 

Pour EVaaklt Co *att ajepLifiare aad preamplifier*,, 
50 Aaperex 10 *att aapliflsr*. 12 specially fabrlcatsd 
power sapllflers, 6 high voltage amplifiers, etc, 

Kotoh flltar aad pulse gsasrator, 8 oscillators, 
7 oscilloscopes. 

* hybrid saalogus-dlgltal prograaaalag dsvics, aa 
d«aerib«d ia accoapaaiag tachnlcal report. 
Our present slactroalo Shop la highly inadequate, sad as 
funds alloy, ths faollltlas vlll b* laprovsd. The Yale Elec- 
tive basis, im oOvlous lialtstioa to tb* experloemal nature 
of our worlt. 



Additional tquipiitiit propoe*d for th* fortbceadag year: 
On* liagra portable tap* recorder 
S*nhnus*r ultr»dir*ctloanl and omnidirectional 
■lcmphoMa . 

Stvta (rack Anp«z studio portable tap* racord«r. 

•FA- sound e/et.u faelliti** vlth higa-»att-output 
aaiplifiara aid ap*ak«rs. 

laboratory Laeir of tkw' Ballua-aau or Xrggm tjptt 

with associated prions, nlrrorn tad optical d*vic*i. 

I*ctroalc laboratory Osollloaeop* . 



